• Rats were treated with histone deacetylase (HDAC) inhibitors for seven days.
Introduction
HDACs are a family of enzymes catalyzing the removal of acetyl groups from proteins including histones. Subcellular localization and energy requirements divide HDACs into the predominantly nuclear class I (HDAC 1, 2, 3 and 8), as well as class II (HDAC 4-7, 9-10), class III and class IV enzyme subtypes [7] . Histones -the structural protein core in DNA packaging -are covalently modified, including via lysine acetylation. This alters the binding of transcription factor complexes and thus, class I HDAC activity plays a major part in chromatin-mediated transcriptional regulation.
HDAC activity and transcriptional control are linked to cellular differentiation, growth and apoptosis and have focused the development of HDAC inhibitors as chemotherapeutics and adjuncts in cancer treatment [4, 7, 30] . Beyond cancer, HDAC-mediated mechanisms have been implicated in the underpinnings of diverse psychiatric diseases [1, 9] . Evidence from animal models suggests a role for class I HDAC enzymes in regulating behavioral and molecular effects related to depression, anxiety, deficits in learning and memory, and drug addiction [3, 11, 12, 16, 19, 25] . These reports suggest selective small molecule HDAC inhibitors may be useful leads for clinical CNS disorders treatment. However, outside oncology, development of clinical epigenetic therapies is at a nascent stage as the impact of these compounds on neuroplasticity and neurocircuitry throughout the human brain is not yet well known.
Non-invasive neuroimaging can be utilized to examine effects of drug treatment on brain activity. Analogous imaging experiments can be compared between research animals and humans, providing a powerful translational advantage. Currently, there are no validated tools to directly image the activity of HDAC enzymes in humans. However, remarkable progress was recently made by Yeh in work detailing class II HDAC expression and function in primate brain using a novel, 18 F-labeled HDAC substrate [32] . Meanwhile, the impact of HDAC inhibition on brain activity can be investigated using established radioligands and modalities such as PET and magnetic resonance imaging (MRI). Previous results from blood oxygen level-dependent functional MRI indicate that in rats, subchronic administration of the weakly acting, class I HDAC inhibitor, sodium butyrate, enhances the neuronal response to cocaine challenge [10] . However, it is unknown whether basal brain activity is altered by extended HDAC inhibition.
Here, we describe the first evaluation of chronic HDAC inhibitor treatment on brain activity in rats. Part of our overarching question is how class I HDAC enzymes regulate brain activity and, subsequently, how these relate to behavioral response. To begin to address this, we selected two known HDAC inhibitors, Cpd-60 and CI-994 [21, 22] . We used these inhibitors as we have developed an understanding of their effects in biochemical activity assays and in mouse behavioral tests that will be the subject of forthcoming manuscripts. Additionally, these compounds display different selectivity profiles for HDAC 1, HDAC 2 and HDAC 3, and serve as tools to investigate effects of selective HDAC inhibition. We administered compounds once daily for seven days as, using other HDAC inhibitors, this paradigm was sufficient to alter brain biochemistry and behavioral response in mice [3, 25] . We then measured uptake of 18 FDG using PET to identify brain regions with significant activity changes compared to vehicle-treated controls.
Our results indicate that chronic HDAC inhibition resulted in focused, 2-17% changes in glucose uptake in limbic nuclei, as well as in subregions of the cortex and cerebellum. We found that changes induced by Cpd-60 or CI-994 were distinct from one anotheran expected result given differences in HDAC selectivity and brain pharmacokinetics of these compounds.
We conclude that identifying regional brain activity changes mediated by selective class I HDAC inhibitors provides insight into the role of HDAC subtypes in modulating brain function. By utilizing 18 FDG-PET, this work provides a basis for future analogous studies in human with broad implications toward resolving mechanisms of psychiatric disease and effective treatment with chromatin modifying drugs.
Materials and methods
Additional details are available in online supplement.
Methods overview
All animal procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Massachusetts General Hospital Institutional Animal Care and Use Facility.
Chemicals
Cpd-60 and CI-994 were synthesized according to published protocols [13, 21, 22] , and administered by intraperitoneal (i.p.) injection in vehicle (10% DMSO, 45% PEG-400, 45% saline).
Biochemical assays
HDAC activity was measured in vitro using recombinant human HDACs 1-9 (BPS Bioscience) using the Caliper EZ reader II system as previously described [8] .
Pharmacokinetic profile determination
Pharmacokinetics were evaluated in mice treated (i.p.) with Cpd-60 (45 mg/kg) or CI-994 (10 mg/kg) in vehicle and analyzed from brain using LC-MS/MS as described [8] .
Western blotting
Western blotting was performed on dissected brain tissue using standard conditions. Protein extract (∼10 g) was used to assess histone acetylation using antibodies against acetylated histone H4K12 (Millipore #04-119) with normalization to total levels of histone H3 (#07-690).
Image acquisition
PET and skeletal computed tomography (CT) images were collected on a trimodal scanner and reconstructed using an iterative maximum likelihood expectation maximization.
Post-acquisition processing
To compare data across subjects, individual CT and PET scans were transformed into the same coordinate system using standard methodology developed for human imaging experiments, as described [14] .
Spatial preprocessing
Preprocessing was performed as described with minor modifications [14] .
Statistical design and analysis in SPM
HDAC inhibitor-treated groups were compared individually against vehicletreated controls using an unpaired t-test design using statistical parametric mapping as previously described [14] .
Results and discussion
In this study, we utilized two benzamide-based HDAC inhibitors previously published with selectivity for a subset of class I HDAC enzymes [13, 21, 22] . Using an in vitro biochemical assay measuring the deacetylase activity of recombinant human HDACs different from those recently published [2] , we clarified that Cpd-60 and CI-994 selectively inhibit HDACs 1-3 in the nanomolar range (Fig. 1b) .
The IC 50 values for HDAC 1-3 we report are following 180 min incubation of the inhibitor with substrate due to the slow binding nature of the compounds. Specifically, Cpd-60 inhibits HDAC 1 and 2 with an in vitro IC 50 of 1 and 13 nM, respectively. Inhibition of HDAC 3 by Cpd-60 revealed an IC 50 of 398 nM indicating a >30-fold selectivity for inhibition of HDAC 1 and 2 over HDAC 3. In contrast, CI-994 inhibited HDAC 1, 2 and 3 with a similar potency for each subtype, with an IC 50 range of 41-147 nM (Fig. 1b) . HDAC 8 and class II HDAC enzyme subtypes were not appreciably inhibited by Cpd-60 and CI-994 as IC 50 values were >33 M (Fig. 1b) . Brain pharmacokinetics evaluated in mice revealed that treatment with Cpd-60 (45 mg/kg) resulted in a maximum concentration (C max ) of 0.8 M; CI-994 treatment (10 mg/kg) resulted in a brain C max of 3.2 M (Fig. 1c) . These experiments showed that for both inhibitors, brain concentrations >100 nM were sustained for at least 8 h after injection. Importantly, these concentrations and brain exposures represent the total concentration of each inhibitor -both bound to HDAC targets and free in solution. Our preliminary experiments in mice indicate that these doses of Cpd-60 and CI-994 were sufficient to alter brain histone acetylation (unpublished results). Thus, these findings suggest that at the doses applied in vivo, Cpd-60 predominantly inhibits HDAC 1 and 2, whereas CI-994 inhibits HDAC 1, 2 and 3.
Previous reports showed that treatment for one week with HDAC inhibitors modulate behaviors related to CNS disease including depression, anxiety, and stimulant induced hyperactivity [3, 17, 26] . These studies feature chronic treatment regimens, consistent with the rationale that HDAC inhibitors induce changes in chromatin that over time alter gene expression and neuroplasticity. To examine the effects of chronic selective HDAC inhibition on brain activity using FDG-PET, we treated rats daily with Cpd-60 and CI-994 at doses estimated based on pharmacokinetic study in mice and adjusted for body surface area in rat. Specifically, for seven days, rats were administered Cpd-60 (22.5 mg/kg), CI-994 (5 mg/kg) or an equivalent volume of vehicle as control, summarized in Fig. 2a . After the seventh treatment, average weight (Fig. 2b) and resting blood glucose levels were not significantly altered by any treatment (Cpd-60, 116 ± 7.0 mg/dL; CI-994, 107.5 ± 4.4 mg/dL; vehicle, 102.9 ± 3.9 mg/dL). Animals were food-restricted overnight to facilitate brain uptake of 18 FDG, which, as expected, reduced blood glucose, with no differences between treatment groups (Cpd-60, 84 ± 3.3 mg/dL; CI-994, 84.2 ± 4.6 mg/dL; vehicle, 79.4 ± 3.5 mg/dL).
Next, as further schematized in Fig. 2a , 18 FDG (∼1 mCi, i.p.) was administered to awake rats which were returned to their homecage for a 50 min uptake period without anesthesia. Sodium pentobarbital was then used (50 mg/kg, i.p.) to anesthetize rats for imaging. Following data processing (see Section 2), images from rats treated with Cpd-60 (n = 11) or CI-994 (n = 11) were compared to vehicle-treated controls (n = 12) using SPM. Calculated t-maps were superimposed on a rat MRI template. Representative two-dimensional images from this three-dimensional dataset are shown in Fig. 2c and e.
Data were inspected relative to the MRI template and a stereotaxic atlas of the rat brain to assign structural regions [24] . The percent change in 18 FDG uptake -both increases and decreases -was determined relative to vehicle-treated controls using a spherical ROI, 12 mm in diameter, centered at coordinates for the voxel of highest regional t-value (Table 1 ). Results from voxel-level analysis using SPM and percent change by ROI analysis are summarized in Table 1 .
The data revealed distinct patterns of activation and deactivation of glucose uptake by Cpd-60 and CI-994 compared to vehicle and that the changes induced by CI-994, particularly activation, were more extensive than by Cpd-60 (Fig. 2c-f ).
Brain regions with significant HDAC inhibitor-induced changes in glucose uptake included nuclei at midline: infralimbic cortex (ILC), anterior cingulate cortex (ACC), septum (Sep) and inferior colliculus (IC) (Fig. 2c and e) . Additional effects were observed bilaterally in anterior olfactory nucleus (AON), hippocampus (Hip), caudal hippocampus (CH), and thalamic nucleus (Th) (Fig. 2c and  e) . Evidence of unilateral effects was observed in the right cingulum (Cng), left somatosensory cortex (Ssx), left lateral globus pallidus (LGP), left parvocellular nucleus (Cb/pv) and in right cerebellum (Cb) (Fig. 2c and e) . We do not consider this evidence of low fidelity as there was no obvious right-left bias to the unilateral changes. Further, published studies have identified unilateral effects in rodent brain, which may indicate hemispheric specialization [6, 28] .
We speculate that brain regions with altered glucose uptake may elucidate behaviors important in disease and treatment response. The magnitude of HDAC inhibitor-mediated glucose changes may result in behavioral changes as previous results have shown that rats treated with the antidepressant fluoxetine had brain glucose changes of ∼4-14% as well as antidepressant behavioral effects in the forced swim test [15] .
The largest 18 FDG uptake (17%, Table 1) indicates Cpd-60 increased AON signaling. As reviewed [29] , the AON harbors neurons involved in processing olfactory cues facilitating social recognition and other complex behaviors. AON neurons synapse onto the neighboring piriform cortex, a region rich in class I HDAC subtype expression. Therefore, brain activity in these regions may be responsive to HDAC inhibition. That olfactory bulbectomy disrupted citalopram-mediated changes in cerebral glucose in rodents [27] provides new insight to interpret the circuitry underlying demonstrated antidepressant-like effects of HDAC inhibitors [3, 25] . Furthermore, this suggests that drugs altering olfactory signaling, including Cpd-60, may modulate depressive-like behaviors. CI-994 treatment resulted in increased 18 FDG in thalamus (4-12% increase) and hippocampus (9.3-10% increase) in addition to globus pallidus (6.5%) and anterior cingulate cortex (4.8%). Altered signaling in limbic nuclei mediates behaviors related to emotion, reward-seeking and memory. Recent results demonstrate deep brain stimulation in these regions can rescue behavioral deficits in a rodent model of schizophrenia [18] . Additionally, increased hippocampal glucose uptake was shown to enhance spatial memory in rats [20] . This suggests that CI-994 treatment may ameliorate psychiatric-disease related behaviors and improve memory via increased glucose uptake in limbic regions, including the hippocampus.
To provide evidence of HDAC inhibitor target engagement, we used Western blotting to profile the acetylation of histone H4 Lys12 (H4K12ac) in the somatosensory cortex, dorsal striatum and cerebellum of treated rats. We examined changes in acetylation, a labile modification, in brain tissue collected 1 h after treatment and found that both inhibitors were sufficient to significantly induce H4K12 acetylation in the somatosentory cortex, but only CI-994 treatment resulted in significant increases in the other regions ( Supplementary Fig. 1 ). This evidence confirms that systemic treatment with Cpd-60 (22.5 mg/kg) and CI-994 (5 mg/kg) was sufficient to suppress HDAC activity in brain. These results may indicate a mechanism by which HDAC inhibitors differentially alter regional histone acetylation, and function to modulate gene expression resulting in altered glucose uptake. 18 FDG-PET is a robust technique that was recently reported to discriminate patients comprising four dementia subtypes from normal elderly controls with >92% accuracy [23] . This clinical study provides a premier example of utilizing established imaging modalities like 18 FDG-PET to identify CNS disease biomarkers. This will be a particular challenge in spectrum disorders such as autism, mooddysregulation and depression. However refining diagnostic criteria promises to help identify patient subgroups from which to identify patterns of brain activity via neuroimaging that are predictive of disease and effective treatment [5, 31] .
Clarifying the role of specific HDAC and other chromatinmodifying enzymes in regulating brain activity and behavioral response is a critical step in refining targets for improved psychiatric disease therapies and in monitoring treatment efficacy in humans. We recognize that the limited number of compounds we have tested in rat prevents a clear understanding of how HDAC subtypes are linked to brain regions whose glucose uptake and therefore neural activity is changed. However, it is tempting to speculate that the regional differences we observed between Cpd-60 and CI-994 may result in part from differences in the degree of HDAC 3 inhibition. Addressing this question will require testing a number of compounds with a range of pharmacokinetic properties, including HDAC 3-selective inhibitors. Additionally, determining whether compounds like crebinostat, recently shown to enhance learning and memory, mimic the effects of either Cpd-60 or CI-994 may provide insight into regional changes underlying cognitive enhancement [8] . Finally, testing Cpd-60 and CI-994 in rodent models of memory and other behaviors may also help derive the relationship between the neuroimaging signals and behavioral changes.
